A new magnetic nanocatalyst based on the immobilization of tungstic acid onto 3-chloropropyl-grafted TiO 2 -coated Fe 3 O 4 nanoparticles (Fe 3 O 4 @TiO 2 @(CH 2 ) 3 OWO 3 H) was prepared, characterized, and applied for the synthesis of pyrano[2,3-c]pyrazole derivatives. The characterization was performed using FT-IR spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive Xray spectroscopy (EDS), and vibrating sample magnetometry (VSM) analysis. Pyranopyrazoles were synthesized in the presence of this novel catalyst via a three-component reaction of 3-methyl-1-phenyl-2-pyrazolin-5-one, malononitrile, and aromatic aldehydes with high yields. It is a low cost, nontoxic and thermally stable catalyst, which shows a long life and can be reused for several catalytic cycles without deactivation or selectivity loss.
Introduction
Despite the many benets of homogeneous catalysts such as high activity and selectivity, heterogeneous catalytic systems have surpassed them due to the high capability for recycling and reutilization. 1 Over the past century, nanocatalysts as a bridge between heterogeneous and homogeneous catalysis have drawn great attention for application in different elds. The signicant advantage of nanoparticles is their high specic surface area to volume ratio leading to increase in the contact with the reactants. [2] [3] [4] They also have many other advantages such as presence of various surface reactive sites, high activity, selectivity, and desired resilience, which make them recognized as a pioneering technology in green chemistry. 5 Despite the several mentioned benets of nanomaterials, they are difficult to separate. Therefore, it is important to design recoverable and well-dispersed nanocatalysts.
Recently, Fe 3 O 4 magnetite nanoparticles (MNPs) have been intensively used as catalytic supports owing to the facility of isolation from the reaction mixture using an external magnet. Furthermore, these systems possess highly potential active sites for loading of other functional groups to prepare novel heterogeneous catalysts. [6] [7] [8] [9] [10] [11] To prevent Fe 3 O 4 nanoparticles from oxidation in an air atmosphere and in order to increase the surface area and simplify the surface functionalization, a protective shell can be formed on their surface. 12 TiO 2 have been successfully applied as a nontoxic, low cost and highly effective catalyst that has good mechanical resistance and stability in acidic and oxidative environments. TiO 2 was also found to be a good support material for heterogeneous catalysis due to the strong metal support interaction, chemical stability, and acid-base property. [13] [14] [15] Because of the small size of TiO 2 particles and difficulties in the separation of catalyst from the reaction media, there are some signicant drawbacks in using TiO 2 as a heterogeneous catalyst. Immobilization of TiO 2 on magnetic nanoparticles as suitable alternative supports to produce magnetically recoverable heterogeneous catalysts allows a convenient recovery of magnetic catalyst under an external magnetic eld.
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In recent years, there has been increasing attention in the synthesis of pyrano [2,3-c] pyrazoles as an important class of heterocyclic compounds. [18] [19] [20] [21] This interest has resulted from their vital biological activities such as analgesic, antitumor, anticancer, and anti-inammatory as well as their potential as inhibitors of human Chk1 kinase. 22, 23 The pyrano [2,3-c] pyrazoles subunit is present in various pharmaceutical and medicinally useful molecules. 24 They are also the main building blocks in the synthesis of natural products as well as in heterocyclic compounds.
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Taking the above facts into consideration and in continuation of our research on the synthesis of heterogeneous catalysts, [26] [27] [28] [29] [30] [31] In the nal stage, a mixture of Fe 3 O 4 @TiO 2 @(CH 2 ) 3 Cl (0.5 g) and Na 2 WO 4 $2H 2 O (0.25 g) in DMSO (5 mL) was stirred at reux under argon atmosphere for 12 h. Aer cooling, the obtained catalyst was decanted and washed twice with DMSO, once with distilled water, and dried at 60 C for 6 h. Then, the functionalized magnetic nanoparticles were added to the ask containing HCl (30 mL, 0.1 N) and stirred for 1 h at roomtemperature. The resulting catalyst was decanted, washed with DMSO and water, and nally dried in oven at 60 C for 12 h.
General procedure for the synthesis of pyranopyrazole derivatives 5
Fe 3 O 4 @TiO 2 @(CH 2 ) 3 OWO 3 H (0.003 g) was added to a mixture of aldehydes (1 mmol), 3-methyl-1-phenyl-2-pyrazolin-5-one (1 mmol), and malononitrile (1 mmol). The mixture was stirred under solvent-free conditions at 80 C for the requisite time.
The reaction progress was screened using TLC. Aer completion of the reaction, ethanol (5 mL) was added to the reaction mass and the catalyst was collected with an external magnet. Additional purication was achieved by recrystallization from hot ethanol. 33 The OH groups on the titanium coating magnetic nanoparticles (Fe 3 -O 4 @TiO 2 ) can be functionalized with 3-chloropropyltriethoxysilan molecule. Finally, the chloride group was replaced by tungstic acid to prepare Fe 3 O 4 @TiO 2 @(CH 2 ) 3 OWO 3 H (1) as a magnetic nanocatalyst. The obtained catalyst was characterized via FT-IR, X-ray diffraction patterns (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and vibrating sample magnetometer (VSM) analysis. 34 Also, the mentioned indexes revealed that the new catalyst in Fig. 1c has the similar structure to Fe 3 O 4 nanoparticles in Fig. 1a , and this shows that no phase change was observed aer surface modication of the magnetite nanoparticles. The peak that conrmed the presence of tungstate group appeared in the range of 2q ¼ 22
. 35 The particle size of the prepared catalyst could be approximated using the DebyeScherrer equation, D ¼ kl/b cos q, where D is the average crystalline size, l is the X-ray wavelength, k is the Scherrer constant, b is the half width of XRD diffraction lines, and q is the Bragg diffraction angle. The particle size relevant to the Debye-Scherrer equation was calculated to be 23 nm.
The (Fig. 4) . Energy-dispersive X-ray spectroscopy (EDS) was used for the structural characterization of Fe 3 O 4 @TiO 2 @(CH 2 ) 3 OWO 3 H. As can be seen in Fig. 4 , the components of this catalyst included Fe, Ti, O, C and W, which indicate the acceptable concordance with the expectations and also conrm the successful incorporation of tungstate groups.
The vibrating sample magnetometer (VSM) was applied to evaluate the magnetic measurement of the prepared catalyst (Fig. 5) . In the present method, the magnetic behavior of the above catalyst has been calculated by drawing the hysteresis loops at room-temperature. The below magnetization curves shows the saturation magnetization of Fe 3 In order to nd the most appropriate reaction conditions, the reaction of 3-methyl-1-phenyl-2-pyrazolin-5-one (1 mmol), benzaldehyde (1 mmol), and malononitrile (1 mmol) was selected as a model reaction. The desired product was not produced in the absence of a catalyst even aer a long reaction time. Then, we attempted with different amounts of Fe 3 O 4 @TiO 2 @(CH 2 ) 3 OWO 3 H as catalyst under various conditions. The obtained data for several catalyst loads, temperatures, and solvents are summarized in Table 1 . It was seen that the selection of 0.003 g of catalyst 1 at 80 C under solvent-free conditions would be the best of choice (Table 1,  entry 11) . Under these conditions, a range of aryl aldehydes, containing both electron-donating and electron-withdrawing groups were examined and resulted in good to excellent yields of the products in short reaction times (Table 2) .
Due to the importance of recoverability and recyclability of the catalyst from both practical and economical viewpoints, we next examined the reusability of Fe 3 O 4 @TiO 2 @(CH 2 ) 3 OWO 3 H in the reaction of 3-methyl-1-phenyl-2-pyrazolin-5-one, benzaldehyde, and malononitrile under optimized reaction conditions. Fe 3 O 4 @TiO 2 @(CH 2 ) 3 OWO 3 H was separated by a permanent magnet from the reaction mixture, washed with methanol, and reused in the next run without further treatment. The results revealed that the catalyst could be reused for ve cycles without remarkable loss in catalytic performance. The data are exhibited in Fig. 6 .
The proposed formation mechanism of product 5 is given in Scheme 3. Initially, intermediate 6 was formed via the condensation of activated aromatic aldehydes and malononitrile in the presence of acid catalyst 1. It is reasonable to suppose that the intermediate 6 was attached by c-4 of 3-methyl-1-phenyl-2-pyrazolin-5-one which rearranged into intermediate 7. Cyclization of 7 by the nucleophilic attack of C]O group on the cyano moiety gives 8. Finally, a sequence of tautomerization of 8 generates the related product.
The major advantages of the presented protocol over existing methods can be seen by comparing our results with those of some recently reported procedures, as shown in Table 3 .
Conclusions
In this study, we have introduced for the rst time a green and recyclable nanomagnetic solid acid catalyst, namely Fe 3 O 4 @-TiO 2 @(CH 2 ) 3 OWO 3 H. Structural verication was performed using FT-IR, XRD, SEM, EDS and VSM. This novel Fe 3 O 4 -based heterogeneous nanocatalyst was successfully used for the synthesis of pyrano [2,3-c] pyrazoles. Besides recyclability, its advantages like operational simplicity, good chemical yields combined with step-and atom-economic aspects are the main promising points of this study which make this strategy highly attractive.
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